By comparing the etching characteristics of silicon and silicon nitride in CF 4 /O 2 /N 2 microwave downstream plasmas we demonstrate clearly how low concentrations of energetic species can play a dominant role in remote plasma processing: Injection of 5% N 2 to a CF 4 /O 2 plasma increases the silicon nitride etch rate by a factor of 7, while not significantly affecting the bulk composition of the discharge. Downstream injection of N 2 is ineffective. Using surface spectroscopies we directly show a dramatic enhancement of the reactivity of fluorine and oxygen atoms with silicon and siliconnitride surfaces upon N 2 injection to the discharge. Our results can be explained by the production of energetic metastable species in the discharge region which transport energy to the gas-surface interface.
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There is a significant interest in remote plasma processing of materials for both etching and deposition applications. [1] [2] [3] It minimizes handling and disposition of toxic chemicals, 4 and simplifies process flow in multichamber dry processing as compared to wet methods. Very high etch selectivities can be obtained using chemical dry etching ͑CDE͒ since the lack of energetic ion bombardment results in a purely chemical etching process due to neutral radicals. Downstream processing is strongly dependent on chamber geometry, wall material, wall passivation, and distance between the discharge region and the process wafer. 5, 6 Recombination processes at walls will be of paramount importance on the lifetime of reactive species, and this parameter depends strongly on the gas chemistry that is used. 7 The latter has led to the use of complex gas mixtures, e.g., CF 4 /O 2 /CF 3 Br or CF 4 /O 2 /N 2 for selective etching of Si 3 N 4 over SiO 2 . 8, 9 The rationale for these is, in many cases, not understood.
In this work we have studied the surface chemical effects of O 2 and N 2 in CF 4 /O 2 /N 2 mixtures in etching polycrystalline silicon ͑poly-Si͒ and Si 3 N 4 in a microwave downstream plasma process. The experimental setup is described in detail elsewhere.
10,11 A 2.45 GHz microwave plasma is produced in an Astex DPA-38 microwave plasma applicator, and is located 30 cm upstream from the wafer. The process gases are fed in the applicator at the upstream side of the plasma region. The wafer was placed on an electrostatic chuck and is not in the line-of-sight of the discharge. 12 Based on an initial survey of the parameter space, a CF 4 gas flow of 400 sccm and a constant pressure of 500 mTorr, were employed. 10 In situ ellipsometry was used for real-time etch rate measurements and surface analysis. Additional surface characterization of the samples was performed by x-ray photoemission spectroscopy ͑XPS͒ after vacuum transfer of dry etched specimens.
In Figs. 1͑a͒ and 1͑b͒ poly-Si and Si 3 N 4 etch rates measured by in situ ellipsometry are shown as a function of O 2 /CF 4 ratio and admixture of 0% and 5% N 2 ͑N 2 /CF 4 ϭ0.05͒, respectively. For CF 4 /O 2 discharges without N 2 the silicon etch rate shows the well-known maximum as a function of O 2 /CF 4 ratio which is due to enhanced fluorine production caused by the oxidation of fluorocarbons. 13 The density of free fluorine in the gas phase was probed by argon actinometry as a function of O 2 and N 2 content in the CF 4 /O 2 /N 2 gas mixture ͑see Fig. 2͒ . These data showed a maximum of the F/Ar emission at an O 2 /CF 4 ratio of 0.15. The rise in the Si etch rate ͑by a factor of 6 -7͒ is due to the increase in atomic fluorine density as O 2 is first added to CF 4 . Silicon surface oxidation takes place at high O 2 /CF 4 ratios and this slows down silicon etching. Our results are consistent with the notion that the silicon etch rate is controlled by the atomic fluorine arrival rate as long as there is insignificant surface oxidation. 14, 15 Figure 1͑b͒ rate of Si 3 N 4 by a factor of nearly 7. An increase of the percentage of N 2 above 5% does not increase the etch rate further. Optical emission spectra of the bulk plasma show only a slight change in the atomic fluorine density when nitrogen was added to the discharge ͑Fig. 2͒. This conclusion is also supported by mass spectrometry. Downstream injection of N 2 is not effective in increasing the etch rate of Si 3 N 4 . Both N 2 and O 2 are required to maximize the nitride etch rate and have to be injected jointly into the discharge region.
Strong surface chemical changes on single-crystal Si as a result of N 2 in addition to CF 4 /O 2 were observed by realtime ellipsometry. Figure 3 shows real-time ellipsometry data for a high proportion of O 2 in CF 4 ͑O 2 /CF 4 ϭ0.75͒. The strong decrease of delta and increase of psi of a clean Si surface upon igniting a CF 4 /O 2 discharge ͑point a͒ is due to the formation of a SiF x O y reaction layer on the unperturbed silicon. Injection of N 2 increases the thickness of the reaction layer ͑point b͒. By switching on ͑points b,d,f͒ or off ͑points c,e,g͒ the supply of N 2 the thickness of the reaction layer can be increased or decreased in a reproducible manner. Finally when the plasma is switched off ͑point h͒ the surface reactive layer becomes thinner. From the latter we may conclude that long-living species like metastables play an important role in the surface chemistry. For low O 2 /CF 4 ratio of 0.15 a roughened top layer is formed which is removed when N 2 is added. This shows that although N 2 addition does not strongly affect the bulk chemical composition of the discharge, it has a surface chemical effect.
X-ray photoelectron spectroscopy survey spectra for the etched poly-Si specimen showed Si-related peaks and gas mixture dependent F 1s and O 1s peaks. Carbon 1s emission was negligible for most etching conditions, except for pure CF 4 plasmas for which it was very weak. Nitrogen 1s emission was very weak for all samples, independent of the amount of N 2 used in the etching experiment. This shows that even though nitrogen plays a profound role in the etching of silicon, it is not incorporated in a stable reaction layer. It is therefore active only as a reactive intermediate and chemical groupings incorporating nitrogen escape immediately into the gas phase. When the proportion of O 2 in the gas mixture is increased, a thicker SiO x F y -reaction layer is formed on poly-Si as shown in Fig. 4͑a͒ . Upon injecting 5% N 2 to CF 4 /O 2 the thickness of the SiO x F y reaction layers is increased for large O 2 /CF 4 proportions, which is in agreement with the real-time ellipsometry data. The average stoichiometries ͑F/Si and O/Si ratios͒ of the surface reaction layers are displayed in Fig. 4͑b͒ . As the proportion of O 2 in O 2 /CF 4 is increased above 0.15, a strong increase of the oxygen content of the reaction layer is observed which is consistent with the lower etch rates, as there is little reaction of SiO 2 -like surfaces with F and N. 15, 16 X-ray photoelectron spectroscopy data for Si 3 N 4 after CDE show that injecting 5% of N 2 into O 2 /CF 4 gas mixture leads to thicker nitrogen-deficient surface reaction layers, equivalent to 1-2 monolayers. 10, 11 Also, for high O 2 /CF 4 ratios the reaction layer is highly fluorinated and the oxygen content remains low ͑see Fig. 5͒ . This is consistent with the If we use the silicon etch rate as an indicator of the fluorine arrival rate at the sample location in the downstream chamber and compare the Si and Si 3 N 4 etch rates we can conclude that a lack of fluorine atoms is not the mechanism that limits the Si 3 N 4 etch rate. The etch rate of silicon is 10ϫ the silicon nitride etch rate in a pure CF 4 plasma at 400 sccm flow. If we use the relative densities of Si ͑2.33 g/cm 3 ͒ and Si 3 N 4 ͑3.1 g/cm 3 ͒ and assume that the Si 3 N 4 etch rate is fluorine-flux limited and that all products of the etching Si 3 N 4 are fluorine related, e.g., SiF 4 and NF 3 , the etch rate of Si 3 N 4 should only be a factor 1.6ϫ slower than the etch rate of silicon for the same fluorine atom flux. From this comparison one concludes that even though fluorine atoms are important for Si 3 N 4 etching, the etch rate is controlled by the arrival rate of another species, e.g., a species that assists in the removal of N from the silicon-nitride surface and thus renders the remaining Si dangling bonds susceptible to the attack of F.
As a result of the 5% N 2 addition, the silicon nitride etch rate increases by a factor of 7ϫ, whereas the silicon etch rate increases only by a factor 2ϫ. Injection of more than 5% N 2 does not lead to a further increase in the Si 3 N 4 etch rate ͓Fig. 1͑b͔͒. If N 2 is injected downstream there is no effect on the Si 3 N 4 etch rate. It is most likely that admixing N 2 to CF 4 /O 2 leads to production of a species that enables the attack of the Si 3 N 4 surface by existing fluorine atoms, e.g., by providing energy to the surface sufficient to remove N from the nitride surface. ͑All CF 4 /O 2 /N 2 etched nitride surfaces are nitrogen deficient.͒ In the downstream plasma long living energetic species can only be metastables as ions recombine before they reach the wafer. It is likely that the production of a metastable energy carrier, e.g., NO*͑4.7 eV͒, N 2 *͑6.22 or 8.4 eV͒, or N*͑2.38 or 3.58 eV͒, 17 provides the activation energy to greatly enhance the surface reactivity of existing F and O atoms in the etch process of silicon-nitride. Since both O 2 and N 2 need to be present in the gas mixture to maximize the etch rate of Si 3 N 4 species containing both O and N is the most likely candidate, i.e., NO*. The conclusion is consistent with charge measurements performed in the downstream chamber by Blain et al. 9 We conclude that for silicon the production of a high density of free fluorine atoms is a condition that is both necessary and sufficient for a high etch rate. This is explained by the spontaneous reaction of Si with atomic F.
14 If both N 2 and O 2 are added to CF 4 , a direct surface enhancement of the attack of both F and O with the Si surface was observed. The production of a large concentration of free fluorine is necessary for significant Si 3 N 4 etching, but it is not a sufficient condition. This can be explained by the fact that this material is thermodynamically much less reactive than silicon and requires sufficient energy input for etching, e.g., ion bombardment in reactive ion etching 18 or via longlived nondirected energetic species in the present case. The injection of a very small amount of N 2 ͑5%͒ apparently leads to the production of metastables and results in rapid Si 3 N 4 etching for conditions for which simultaneously a high density of free fluorine is produced.
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